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Many	 parasites	 infect	multiple	 hosts,	 but	 estimating	 the	 transmission	 across	 host	
species	remains	a	key	challenge	in	disease	ecology.	We	investigated	the	within	and	
across	host	species	dynamics	of	canine	distemper	virus	(CDV)	in	grizzly	bears	(Ursus 
arctos)	 and	wolves	 (Canis lupus)	 of	 the	Greater	 Yellowstone	Ecosystem	 (GYE).	We	
hypothesized	that	grizzly	bears	may	be	more	likely	to	be	exposed	to	CDV	during	out-
breaks	in	the	wolf	population	because	grizzly	bears	often	displace	wolves	while	scav-
enging	 carcasses.	 We	 used	 serological	 data	 collected	 from	 1984	 to	 2014	 in	
conjunction	with	 Bayesian	 state-	space	models	 to	 infer	 the	 temporal	 dynamics	 of	
CDV.	These	models	accounted	for	the	unknown	timing	of	pathogen	exposure,	and	we	
assessed	 how	 different	 testing	 thresholds	 and	 the	 potential	 for	 testing	 errors	 af-
fected	our	conclusions.	We	identified	three	main	CDV	outbreaks	(1999,	2005,	and	
2008)	in	wolves,	which	were	more	obvious	when	we	used	higher	diagnostic	thresh-
olds	 to	 qualify	 as	 seropositive.	 There	was	 some	 evidence	 for	 increased	 exposure	
rates	in	grizzly	bears	in	2005,	but	the	magnitude	of	the	wolf	effect	on	bear	exposures	
was	poorly	estimated	and	depended	upon	our	prior	distributions.	Grizzly	bears	were	
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1  | INTRODUC TION
















Measles	 requires	 a	 relatively	 large	host	 population	 (approximately	
300,000	or	more)	 to	provide	the	continuous	supply	of	susceptible	














(Canis lupus)	 population	 of	 Yellowstone	National	 Park	 (YNP)	 since	




(Puma concolor)	were	 also	 exposed	 to	CDV	 (Almberg	 et	al.,	 2009);	
however,	comparable	information	is	lacking	for	bear	populations	of	
the	GYE.	Clinical	signs	of	morbidity	have	been	observed	in	a	black	
bear	 (Ursus americanus)	 recovered	 in	 Pennsylvania	 (Cottrell,	 Keel,	
Brooks,	Mead,	&	Phillips,	2013)	and	surveys	in	Alaska	showed	that	
both	 black	 and	 grizzly	 bears	 (Ursus arctos)	 were	 exposed	 to	 CDV	
(Chomel,	Kasten,	Chappuis,	Soulier,	&	Kikuchi,	1998).
Canine	distemper	virus	is	transmitted	by	close	contact	via	aero-













namics	 in	wildlife	 populations.	 For	 acute	 infections,	 like	CDV,	 it	 is	
unlikely	that	researchers	would	capture	an	animal	during	the	short	
window	 of	 time	 that	 they	 are	 actively	 infected	 and	 shedding	 the	
pathogen.	Serological	assays	are	an	alternative	data-	stream	that	re-
flect	past	exposure	and	not	necessarily	a	current	infection,	but	are	















wolves	 (130	 females,	155	males)	and	319	sera	 samples	 (van	Manen	















To	 estimate	 annual	 CDV	 infection	 hazards,	 we	 used	 a	 Bayesian	
state-	space	 model	 to	 integrate	 the	 data	 streams	 across	 the	 two	
host	species	and	account	for	the	unknown	timing	of	 infection	and	
potential	 test	 errors	 (Heisey	 et	al.,	 2010;	 Viana	 et	al.,	 2015).	 Our	
observed	 data	 consisted	 of	 serological	 tests	 from	 individuals	 of	





































Model # Description Infection hazards Diagnostics pD DIC
No	diagnostic	errors
 3 Wolves	affect	bears γk,s	=	2	=	βk,s	=	2	+ α1γk,s	=	1; γk,s	=	1~	N(−6,	4);	
βk,s	=	2	~	N(−6,	4);	α1	~	N(0,4)
NA 29.1 764.2
 2 Species	are	independent γk,s	~	N(−6,	4) NA 28.3 764.8












































 3.U Wolves	affect	bears γk,s	=	2	=	βk,s	=	2	+ α1γk,s	=	1; γk,s	=	1~	U(−20,	2); 
 βk,s	=	2	~	U(-	20,	2);	α1	~	U(−4,4)
NA 32.4 763.5
 2.U Species	are	independent γk,s	~	U(−20,	2) NA 33.1 764.2
 5.U Wolves	affect	bears	with	diagnostic	
errors














that	 the	 test	 is	positive	given	previous	 infection	 (i.e.,	 sensitivity)	
and	q−	represents	the	probability	that	the	test	is	negative	given	no	
previous	infection	(i.e.,	specificity).	Accounting	for	the	possibility	
of	 testing	 errors,	 the	 probability	 that	 individual	 i	 is	 observed	 as	
seropositive	 can	 be	 expressed	 as	P(xi=1)=ρi,sq++ (1−ρi,s)(1−q−),
and	 the	 probability	 of	 being	 observed	 as	 seronegative	 is	
P(xi=0)=ρi,s(1−q
+)+ (1−ρi,s)q
−.	 We	 then	 assume	 that	 the	 datum	
xi,s	is	drawn	from	a	Bernoulli	distribution	with	success	probability	
P(xi=1).
There	 are	many	 potential	models	 for	 how	 the	 log	 hazard,	γs,k,	
may	vary	across	species	and	over	time	(Table	1).	Although	we	ex-
pect	monthly	 infection	hazards	 to	vary	during	an	outbreak	year,	
the	 data	were	 insufficient	 to	 estimate	 that	 variation.	 Therefore,	










term	 for	each	year.	To	 investigate	 the	directionality	of	 transmis-
sion	 across	 species,	we	 compared	models	with	wolves	 affecting	
bears	 and	 vice	 versa.	 Our	 additional	 models	 for	 γs,k	 are	 shown	
in	Table	1,	 and	an	example	of	 the	model	 code	 is	provided	 in	 the	
Supporting	Information.
We	 explored	 several	 possible	 prior	 distributions	 for	 the	 differ-
ent	parameters.	 Initially,	we	assumed	 the	 log	hazard	γs,k	was	drawn	
from	a	Uniform(−20,2)	distribution,	but	we	also	used	a	Normal(−6,4) 
and	Normal(−6,10)	 distribution.	 Recall	 that	 the	monthly	 probability	
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Finally,	we	 assumed	prior	 distributions	 for	 the	 slope	 parameters	αx 
as	∼Normal(0,10)	and	∼Normal(0,4).	We	ran	models	using	R	version	
3.3.2,	 JAGS	 version	 4.2.0,	 and	 the	 R2jags	 package	 version	 0.5-	7	
(Plummer,	2003;	R	Development	Core	Team	2016;	Su	&	Yajima,	2015)	











samples	 from	 across	 the	 GYE	 (Figure	2).	 About	 26%	 and	 6%	 of	
the	wolf	 and	grizzly	bear	 samples,	 respectively,	 yielded	SN	values	
	between	12	to	24	for	CDV	(Supporting	 Information	Figure	S2).	As	
a	result,	CDV	seroprevalence	in	wolves	varied	from	around	30%	to	






















outbreak	years	 for	wolves	 (Figure	4).	This	may	result	 in	a	negative	
correlation	between	exposure	rates	in	1	year	compared	to	the	next.	
However,	 when	we	 included	 one-	 and	 2-	year	 lag	 effects	 into	 the	













sult,	 the	 grizzly	bear	data,	 in	 general,	were	 less	 informative	 about	
when	 they	may	have	been	 infected	and	 if	 there	were	 intermittent	
outbreaks	versus	more	consistent	exposures	over	time.
The	association	between	wolves	 and	bears	was	generally	pos-
itive,	 but	 varied	 depending	 on	model	 structure	 and	 our	 prior	 dis-











though	 there	 was	 no	 direct	 information	 included	 in	 the	 analysis	
about	known	positive	or	negative	samples	 (Figure	6).	As	expected,	
the	 estimated	 specificity,	 q−,	 declined	 for	 both	 wolves	 and	 bears	
with	the	titer	threshold,	as	more	unexposed	individuals	would	test	






































(2010),	who	 found	 that	 both	 cougars	 and	 coyotes	 had	 evidence	











assess	whether	 the	 infections	 in	one	 species	occur	 prior	 to	 the	
second	host	species	using	shorter	windows	of	time	(e.g.,	weekly	


























Our	 methodological	 approach	 addressed	 key	 issues	 associ-
ated	with	 serological	 data	 and	 highlighted	 the	 importance	 of	 ac-
counting	 for	 both	 observational	 and	 process	 error	 in	 serological	
analyses.	 Several	 other	 papers	 have	 statistically	 addressed	 some	
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2017;	Conn,	Cooch,	&	Caley,	2010;	Heisey	et	al.,	2010;	Pepin	et	al.,	
2017).	Heisey	et	al.	 (2010)	 illustrated	how	to	account	 for	 interval	
censoring,	and	we	built	upon	this	approach	to	allow	for	diagnostic	
testing	errors.	Conn	et	al.	(2010)	accounted	for	different	detection	










assumption	 that	 recently	 infected	 individuals	 are	 likely	 to	 have	
higher	antibody	levels.	Our	analyses	with	higher	thresholds	clearly	
identified	purported	outbreaks	in	wolves	that	were	associated	with	




















ical	 in	 that	we	 did	 not	 include	mechanistic	 Susceptible-	Infected-	
Removed	(SIR-	type)	disease	dynamics	(Anderson	&	May,	1991).	This	
modeling	 choice	was	driven	by	 the	 speed	of	 the	disease	process	











to	allow	 for	 the	 local	persistence	of	an	acute,	highly	 immunizing	
pathogen	 like	CDV,	particularly	 in	 the	 absence	of	 a	 large	unvac-
cinated	 dog	 population	 (Almberg	 et	al.,	 2010;	 Bartlett,	 1957).	 It	
is	possible	that	CDV	is	continuously	moving	as	a	wave	around	the	








on	 the	persistence	of	CDV	should	 focus	on	 the	potential	 role	of	
mesocarnivores	such	as	skunks	(Spilogale gracilis	and	Mephitis me-
phitis)	and	raccoons	(Procyon lotor)	and	acquiring	CDV	isolates	for	
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